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Viral Infection Causes Rapid Sensitization to 
Lipopolysaccharide: Central Role of IFN-a/8 1 



Anneline Nansen and Allan Randrup Thomsen 2 



LPS is the major active agent in the pathogenesis of Gram-negative septic shock. In this report we have studied the influence of 
concurrent viral infection on the outcome of LPS-induced shock. We find that infection with vesicular stomatitis virus sensitizes 
mice to LPS at an early time point following infection. Treatment of mice with the chemical IFN inducer, polyinosinicrpolycytidylic 
acid, has a similar effect. This hypersensitivity to LPS correlated with hyperproduction of TNF-a in vivo. The cellular and 
molecular mechanisms underlying this phenomenon were investigated using Ab-depleted and gene-targeted mice. Our results 
revealed that while NK cell depletion and elimination of IFN-y partially protected against the sensitizing effects of vesicular 
stomatitis virus and polyinosinicrpolycytidylic acid, the most striking effect was observed in IFN-a/JR-deficient mice. Thus hy- 
perproduction of TNF-a was completely abrogated in IFN-aj3R-deficient mice, indicating that the principal mechanism under- 
lying rapid virus-induced sensitization to LPS is an IFN-ap-mediated priming of mice for an augmented production of TNF-a in 
response to LPS. This conclusion was further supported by the finding that pretreatment of mice with rIFN-a/3 mimicked the 
effect of viral infection. In conclusion, our results reveal a previously unrecognized proinflammatory effect of IFN-a/3 and point 
to a new pathway through which viral infection may influence the outcome of concurrent bacterial infection. The Journal of 
Immunology, 2001, 166: 982-988. 



The Gram-negative bacterial wall constituent, endotoxin 
(LPS), is the major active agent in the pathogenesis of 
septic shock. A shock-like state can be induced by a sin- 
gle injection of LPS into animals (1). Most of the toxic effects of 
LPS are mediated through the release and action of macrophage- 
derived inflammatory cytokines (1-3). TNF-a appears to consti- 
tute a central element in the pathogenesis as indicated by the rel- 
ative resistance to LPS-induced toxicity in mice lacking the p55 
TNFR, the TNF-a molecule, or producing high levels of soluble 
TNFR1 fusion protein (4-6). 

Another important regulator of LPS-induced pathology is IFN-y 
(3, 7), the involvement of which is supported by several lines of 
evidence. Administration of IFN-y or neutralizing Abs to IFN-y 
has been shown to modify the lethal outcome of several forms of 
endotoxic shock and Gram-negative bacterial infections, and ex- 
periments with IFN-yR-deficient mice have revealed that these 
mice are relatively resistant to LPS-induced shock (2, 8, 9). It is 
generally believed that one aspect of the contribution of IFN-y in 
LPS-induced shock consists in priming monocytes/macrophages 
by inducing the expression of receptors for TNF-a on the surface 
of these cells, which in turn enables autocrine binding of TNF-a 
and subsequent activation of monocytes/macrophages (10-13). In 
addition to the early effect exerted by IFN-y in LPS-induced 
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shock, IFN-y also seems to promote LPS-induced lethality by 
more late-acting mechanisms (2). In mice, a generalized shock 
syndrome, known as the generalized Shwartzman reaction, can be 
elicited by two consecutive injections of LPS (14, 15). A priming 
dose of LPS is injected into the footpad and followed after 24 h by 
an i.v. challenge injection of LPS. After the last challenge, which 
is nonlethal per se, the mice develop a generalized shock syndrome 
and die within 48 h. IFN-7 has been shown to be a critical com- 
ponent in the priming phase of the generalized Shwartzman reac- 
tion. Thus local injection of LPS is believed to trigger release of 
IL-12 and IL-15 that synergizes in inducing NK cells to produce 
IFN-y (16), which in turn primes macrophages for activation. 
Upon subsequent exposure to LPS, the primed macrophages be- 
come hyperactivated and produce large amounts of TNF-a and 
IL-1 (17, 18). Thus endogenous IFN-y may sensitize mice to oth- 
erwise nonlethal doses of LPS. 

The involvement of IFN-y in the pathogenesis of endotoxic 
shock prompted us in a previous study to investigate whether pro- 
duction of this cytokine in the context of viral infection could alter 
antibacterial host responses through a modified cytokine network 
(19). Our results revealed that systemic infection of mice with the non- 
cytopathogenic lymphocytic choriomeningitis virus (LCMV) 3 sensitized 
mice to low amounts of LPS, and that this hypersensitivity correlated with 
hyperproduction of TNF-a, Hyperproduction of TNF-a was found 
to be temporally correlated with virus-induced T cell-dependent 
production of IFN-y, thus only a marginally increased IFN-y and 
TNF-a production was observed in T cell-deficient nude (nu/nu) 
mice and in mice infected with vesicular stomatitis virus (VSV), a 
virus that induces less extensive T cell activation than does 
LCMV. Furthermore, LCMV infection was found to be much less 
efficient in priming IFN-y-deflcient mice for hyperproduction of 
TNF-a (19), and neutralization of the latter cytokine markedly 
protected against a lethal outcome (20). Notably, however, our 
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results revealed that LPS-induced production of TNF-a was sig- 
nificantly augmented in both LCMV-infected T cell-deficient 
nu/nu mice and IFN-y-deficient mice compared with levels found 
in matched uninfected controls. Moreover, very similar results 
were obtained when wild-type mice were challenged with LPS at 
an early time-point after LCMV infection, before T cells have been 
substantially activated. Together, these findings suggest that al- 
though T cell-dependent IFN-y production is important, it is not 
the only mechanism through which viruses may prime for TNF-a 
production. IFN-a/3 is a likely candidate in this respect, because 
most viral infections including LCMV and VSV are known to 
induce substantial production of IFN-aj8 (21-25). In virus-infected 
immunocompetent mice, production of IFN-aj8 generally reaches 
peak levels 1-3 days post infection (p.i.), and IFN-aj3 has been 
shown to be a critical and indispensable component of early anti- 
viral host defenses as mice made genetically deficient for IFN- 
aj3R expression are often unable to control virus replication, and 
may die (24). 

IFN-ajS has been found to synergize in vitro with subactivating 
doses of LPS to activate macrophages for production of TNF-a 
and to enhance their microbicidal activity (26, 27). Therefore, the 
present study was undertaken to explore in greater detail whether 
early virus-induced production of IFN-a/3 could sensitize mice to 
LPS-induced shock through an augmented production of TNF-a in 
response to LPS. This was done by monitoring production of 
TNF-a and lethality following an i.p. injection of LPS into mice 
preinfected with VSV or pretreated with the chemical IFN-inducer 
polyinosinic:polycytidylic acid (poly(I:C)) (28, 29). The response 
of a number of mutant mice with targeted defects in genes of 
potential interest was analyzed and compared with wild-type mice. 
We demonstrate in this study that virus-induced production of 
IFN-a/3 may prime mice for an augmented production of TNF-a in 
response to LPS. This is evidenced by the findings that an aug- 
mented production of TNF-a occurs despite the lack of either NK 
cells, T cells, B cells, or IFN-y, but is completely abolished in 
mice made genetically deficient for IFN-aj3R expression. Further- 
more, pretreatment of mice with a rIFN-aj3 also augmented TNF-a 
production and increased the lethality. Thus this seems to be a 
general phenomenon that may be induced by different viral infec- 
tions and, therefore, may be regarded as a virus-induced analogue 
to the bacterially induced generalized Shwartzman reaction. 

Materials and Methods 

Mice 

C57BL/6, C57BL/6->7«/»w, and 129/Sv mice were obtained from Bomholt- 
gaard (Ry, Denmark). Mice defective in IFN-aj3R expression (IFN- 
a/3R _/ ~) on a 129 background were derived from breeding pairs from B & 
K Universal (North Humberside, U.K.). Mice deficient in production of 
IFN-y (IFN-y- /- ) and B cell deficient (jxMT//iMT) mice both on a C57BL 
background were the progeny of breeding pairs obtained from The Jackson 
Laboratory (Bar Harbor, ME) and the National Institutes of Health (Be- 
thesda, MD), respectively. jllMT/jaMT mice were bred using heterozygous 
female and homozygous males, and the offspring were selected by testing 
sera in a sandwich ELISA for the presence of IgM Abs. Unless otherwise 
specified, 6- to 8-wk-old female mice were used in all experiments, and 
animals from outside sources were always allowed to acclimatize to the 
local environment for at least 1 wk before use. All animals were housed 
under specific pathogen-free conditions as validated by testing of sentinels 
for unwanted infections according to Federation of European Laboratory 
Animal Science Association guidelines; no such infections were detected. 

Infection/pretreatment of mice 

Where indicated, mutant and wild-type mice were infected with VSV of the 
Indiana strain originally provided by K. Berg of the Institute of Medical 
Microbiology and Immunology (Copenhagen, Denmark), and in one ex- 
periment with LCMV of the Traub strain (30). In other experiments, mu- 
tant and wild-type mice were treated with poly(I:C) (Sigma, St. Louis, 



MO). Mice to be infected received a virus dose of 1 0 3 LD 50 LCMV or 1 0 6 
PFU VSV in an i.v. injection of 300 /id, whereas mice to be treated with 
poly(I:C) were injected i.p. with 150 /xg poly(LC) dissolved in 150 ^1 
sterile PBS. 

Recombinant human hybrid IFN-cc A/D (rHuIFN-a) 

rHuIFN-a originating from Hoffmann-La Roche (Nutley, NJ) was kindly 
provided by K. Berg (Institute of Medical Microbiology and Immunology). 
This rHuIFN-a has previously been tested in mice and found to exert the 
expected effect (31, 32). Mice to be treated received 2 X 10 6 U i.p. the day 
before LPS challenge. 

In vivo depletion of NK cells 

Mice were depleted of NK cells 1 day before treatment with poly(I:C) or 
infection with VSV. NK cells were depleted by an i.v. injection of 50 /xl 
purified rabbit anti-asialo G MI Abs (Wako Pure Chemicals, Osaka, Japan) 
diluted in 300 /xl PBS. Control mice received an i.v. injection of 300 /xl 
PBS. NK cell depletion was confirmed by testing NK cell cytotoxic activity 
in a standard (51) Cr release assay, using NK cell sensitive YAC-1 cells as 
targets (30). 

LPS challenge 

Mice were challenged i.p. with LPS from Escherichia coli serotype 055 :B5 
(Sigma), and unless otherwise specified, the challenge dose was 50 /xg/ 
mouse. Virus-infected mice were challenged with LPS on day 1 p.i. (VSV) 
and in one experiment on day 8 p.i. (LCMV), whereas mice injected with 
poly(I:C) were challenged with LPS 1 day after treatment. Control groups 
of mice were included in all experiments and consisted of mice that re- 
ceived LPS alone or were injected i.p. with 150 /xl PBS 1 day before LPS 
challenge (poly(LC) experiments). 

Lethality experiments 

In most experiments mortality was recorded 24 and 48 h after LPS 
challenge. 

Quantitation of cytokine levels in serum 

Cytokine concentrations in sera were determined using a sandwich ELISA. 
The following ELISA kits (Endogen, Cambridge, MA) were used in this 
study: TNF-a, IL-6, IL-la, and IL-1/3. The assays were run according to 
the manufacturer's instructions, and cytokine levels in sera were calculated 
by comparison with a standard curve generated using recombinant cyto- 
kine; the limit of detection for all cytokines was 15 pg/ml. 

Results 

Sensitization to LPS in VSV-infected and poly(I:C)-treated 
animals 

It has previously been found that LCMV infection is associated 
with markedly increased sensitivity to LPS (19, 20). Although the 
infected mice were most susceptible to LPS during the height of 
the adaptive response, significantly increased lethality was ob- 
served already during the innate response. To examine whether 
rapid sensitization to LPS could be induced by viruses other than 
LCMV, we examined the susceptibility to LPS of mice infected 
with VSV or treated with poly(I:C). Briefly, lethality experiments 
were conducted in mice infected with VSV or treated with 
poly(I:C) 1 day before LPS challenge. All mice that were chal- 
lenged with LPS received an i.p. challenge dose of 50 ^g/mouse, 
and mortality was recorded after 24 and 48 h (Table I). 

All mice infected with VSV 1 day before LPS challenge died 
within 24 h and very similar results were obtained in mice injected 
with poly(I:C) 1 day before LPS challenge; approx. 2/3 of these 
mice died within 24 h, and the remaining died within 48 h. None 
of the mice that were infected with VSV, treated with poly(LC), or 
challenged with LPS alone died during the 48-h observation 
period. 

The outcome of these lethality experiments together with the 
previous finding that mice infected with LCMV 3 days before LPS 
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ROLE FOR TYPE I IFN IN VIRUS-INDUCED SENSITIZATION TO LPS 
Sensitization to LPS in mice treated with poly(I;C) or infected with VSV 



Mortality, No. Dead/Total (%) c 



Treatment 47 TNF-a (ng/ml)* 24 h 48 h 

Poly(I:C) LPS 151.6 15/22 (68) 22/22(100) 
PB S LPS 25.9 0/14(0) 0/14(0) 
Poly(I:C) None <1.8 0/3(0) 0/3(0) 
VSV LPS 143.1 6/6(100) 6/6(100) 
None LPS 9.1 0/6(0) 1/6(17) 
vsv None <03 0/6 (0) Q/6 (0) 

^Mice were treated i.p. with 150 juig poly(I:C) or infected i.v. with VSV (2 X I0 6 PFU) I day before challenge with 50 fig LPS/mouse. 

b Animals were eyebled 1.5 h after challenge with LPS for determination of TNF-a serum levels. TNF-a levels shown are medians of the respective groups 

c Mortality was recorded 24 and 48 h after LPS challenge. 



challenge also succumb within 48 h, strongly suggest that early 
virus-induced sensitization to LPS is a general phenomenon that 
may be induced by different viral infections. 

Production of TNF-a in VSVAnfected and poly(I:C)-treated mice 
after LPS challenge in vivo 

To see whether the enhanced sensitivity to LPS in VSV-infected 
and poly(I:C)-treated mice was reflected in the production of 
TNF-a, serum levels of TNF-a were determined 1.5 h after LPS 
challenge (Table I). As expected, augmented serum levels of 
TNF-a, which clearly exceeded those found in mice infected with 
VSV, treated with poly(I:C), or challenged with LPS alone, were 
detected in mice infected with VSV or treated with poly(I:C) 1 day 
before LPS challenge. Thus enhanced susceptibility to LPS-in- 
duced shock correlated with a 5- to 10-fold increase in the pro- 
duction of TNF-a in virus-infected or poly(I:C)-treated mice. In 
contrast, we did not find the production of IL-la, IL-1 /3, or IL-6 to 
be substantially augmented (<2-fold). 

Comparison between early and late virus-induced sensitization 
to LPS 

To characterize this rapidly induced sensitization to LPS in greater 
detail, we compared the response to LPS at this stage to the late 
LCMV-induced sensitization to LPS in which situation the most 
important priming mechanism has recently been shown to be the 
production of IFN-y by virus-activated T cells (19, 20). Briefly, 
LPS-induced mortality and production of TNF-a in response to 
two different doses of LPS were compared between mice treated 
with poly(I:C) 1 day before LPS challenge and mice infected with 
LCMV 8 days before LPS challenge reflecting the time-point of 
maximal T cell activation (Fig. 1). A clearly dose-dependent pro- 
duction of TNF-a was observed in both poly(I:C)-treated mice and 
LCMV-infected mice. Furthermore, irrespective of the LPS chal- 
lenge dose used, serum levels of TNF-a were clearly elevated in 
mice treated with poly(I:C) or infected with LCMV compared with 
the levels measured in mice that received LPS alone. However, the 
serum levels of TNF-a in response to either challenge dose of LPS 
were generally three to five times lower in mice treated with 
poly(I:C) than in mice infected with LCMV 8 days earlier. With 
respect to LPS-induced mortality, our experiments revealed that 
mice treated with poly(I:C) 1 day before LPS challenge died 
within 48 h when challenged with 50 /xg LPS, but survived chal- 
lenge with 2 /xg LPS. In contrast, all mice infected 8 days earlier 
with LCMV died within 24 h when challenged with either dose of 
LPS; none of the mice challenged with LPS alone died. 

From the results outlined above it is evident that mice are less 
susceptible to LPS during the innate phase of the host response 
than seen later in the infection; thus a relatively high challenge 
dose of LPS was required to elicit lethal amounts of TNF-a in 



mice treated with poly(I:C). Nevertheless, poly(I:C) did prime 
mice for an augmented production of TNF-a even in response to 
the lower LPS dose. 

The role ofNK cells 

Production of IFN-y by NK cells has been shown to play an es- 
sential role in lethal LPS-induced Shwartzman reaction in mice 
(18). Moreover, during the course of a viral infection IFN-y may 
be produced not only by virus-activated T cells but also by virus- 
activated NK cells (33, 34), and NK cell activation can be ob- 
served in mice infected with VSV or pretreated with poly(LC) as 
evidenced by augmented ex vivo cytotoxicity (data not shown). To 
find out whether early virus-induced priming of mice for an aug- 
mented production of TNF-a was dependent on NK cells, we ex- 
amined the susceptibility to LPS in mice depleted of NK cells and 
either preinfected with VSV or pretreated with poly(I:C) 1 day 
before LPS challenge. As shown in Fig. 2, depletion of NK cells 
did not eliminate VSV- and poly(I:C)-dependent sensitization for 
an augmented production of TNF-a. Partial protection against a 
lethal outcome was observed; this may reflect both the reduced 
TNF-a response in some mice as well as a role for NK cells in later 
stages of LPS-induced shock. 

The role of T cells 

It has previously been found that both viruses and poly(LC) can 
activate CD44 high T cells, a subset characterized by the capacity to 
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FIGURE 1. Comparison between early and late virus-induced sensiti- 
zation to LPS. Groups of B6 mice were injected i.p. with poly(I:C) 1 day 
before LPS challenge, infected i.v. with LCMV 8 days before LPS chal- 
lenge, or left untreated. Mice were challenged with either 2 or 50 /xg 
LPS/mouse and the serum levels of TNF-a were determined 1,5 h after 
challenge with LPS. The shapes represent individual mice. 
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FIGURE 2. The role of NK cells, T cells, B cells, and IFN-y in early 
virus-induced sensitization to LPS. Wild-type (B6), NK cell-depleted (B6), 
T cell-deficient (nu/nu), B cell-deficient (/xMT/^MT), and IFN-y-deficient 
(IFN-y~ /_ ) mice were injected i.p. with poly(I:C) 1 day before LPS chal- 
lenge or infected i.v. with VSV 1 day before LPS challenge, respectively. 
Mice were challenged with 50 /u,g LPS/mouse. Control groups consisted of 
wild-type or mutant mice that received LPS alone. Serum levels of TNF-a 
were determined 1.5 h after challenge with LPS; the shapes represent in- 
dividual mice. Mortality was registered for 48 h after LPS challenge. 



produce IFN-y (35, 36). To examine the possible influence of early 
T cell-dependent production of IFN-y in the early sensitization to 
LPS, we evaluated the susceptibility to LPS in T cell-deficient 
nu/nu mice infected with VSV or treated with poly(I:C) 1 day 
before LPS challenge and in nu/nu mice challenged with LPS 
alone, and compared the observed responses to those in corre- 
sponding groups of wild-type mice (Fig. 2). Although the priming 
effect was less consistent in nu/nu mice than in similarly treated 
wild-type animals, the overall picture is clearly that T cells are not 
mandatory. We assume that the greater variability in the response 
of nu/nu mice reflects the well-known tendency toward an altered 
stage of macrophage activation in these mice. 

The role of B cells 

LPS (endotoxin) is well known for its capacity to activate B cells 
that may produce IFN-y under certain conditions (37). To examine 
whether early virus-induced priming of mice for an increased sus- 
ceptibility to LPS involved B cells, we examined the response of 
B cell-deficient /xMT mice treated with poly(I:C) 1 day before LPS 
challenge with respect to lethality and production of TNF-a. As 
shown in Fig. 2, the LPS-induced production of TNF-a was as 
high in poly(I:C)-treated juMT mice as in wild-type mice, and all 
pretreated mice succumbed to the LPS challenge. Thus early virus- 
induced sensitization to LPS does not require the presence of B 
cells. 

The role oflFN-y 

IFN-y is considered to be the most potent macrophage-activating 
cytokine and may be produced by many cell types. To determine 
the role of IFN-y in early virus-induced sensitization to LPS, we 
examined the susceptibility to LPS in IFN-7-deficient (IFN-y" 7 ") 
mice treated with poly(I:C) or infected with VSV 1 day before LPS 
challenge. As shown in Fig. 2, IFN-y _/ " mice were primed for an 
augmented production of TNF-a and most succumbed to LPS 
challenge when pretreated with poly(I:C) or infected with VSV. 
However, TNF-a levels in serum were generally lower than found 



in similarly pretreated wild-type mice. This finding is consistent 
with the results obtained following NK cell depletion and indicate 
that NK cell produced IFN-y augments the early sensitization to 
viral infection although this cytokine is not absolutely essential. In 
this respect it may be important to note that the relative resistance 
of IFN-7R-deflcient mice to LPS-induced shock has been shown to 
reflect a diminished expression of receptors for LPS on monocytes 
and macrophages in these mutants (9). As both poly(I:C) and VSV 
are allowed only a short action time in our experimental setup, we 
cannot rule out the possibility that the defect in IFN-y _/ " mice 
partially reflects deficient expression of LPS receptors on the sur- 
face of monocytes and macrophages causing a generally reduced 
responsiveness toward LPS. 

The role of IFN-af$ 

A common denominator of viral infection and treatment with 
poly(LC) is rapid induction of high amounts of IFN-aj3. In vitro, 
endogenous IFN-afi has previously been shown to synergize in an 
autocrine manner with subactivating doses of LPS to activate mac- 
rophages for production of TNF-a and to enhance their microbi- 
cidal activity (27). Furthermore, in a recent in vivo study it was 
shown that regulation of type 2 NO synthase expression during the 
innate immune response in mice to Leishmania major is dependent 
on IFN-aj3 (38). Therefore, to investigate whether IFN-a/3 was 
pivotal for the early virus-induced increase in susceptibility to 
LPS, we examined the priming effect of poiy(LC) and VSV in 
IFN-a/3R-deficient mice (IFN-aj3R~ /_ ) (Fig. 3). Because this ge- 
netic defect has not been bred onto a C57BL/6 background, we had 
to use mice of the 129 Sv strain for this part of our analysis. As 
wild-type (129) mice were found to be substantially more sensitive 
to the toxicity of LPS (also unprimed mice died within 48 h), 
lethality was not well suited as a discriminating parameter al- 
though we did consistently see accelerated mortality following 
priming. However, analysis of TNF-a levels gave an unequivocal 
readout. Thus as previously seen with C57BL/6 mice, wild-type 
(129) mice were primed for an augmented TNF-a production in 
response to LPS when treated with poly(I:C) or infected with VSV 
1 day before LPS challenge. In contrast, the priming capacity of 
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FIGURE 3. The role of IFN-a/3 in early virus-induced sensitization to 
LPS. Wild-type (129) mice and IFN-a/3R-deficient mice (IFN-a/3R~ /_ ) 
were injected i.p. with poly(I:C) or infected with VSV 1 day before LPS 
challenge. Control groups of wild-type (129) mice or IFN-a/3R _/ ~ mice 
were injected i.p. with PBS 1 day before LPS challenge (poly(I:Q) or left 
untreated (VSV). Mice were challenged with 50 /xg LPS/mouse. Serum 
levels of TNF-a were determined 1.5 h after challenge with LPS; the 
shapes represent individual mice. 
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Wildtype (B6) 




FIGURE 4. Pretreatment with rHuIFN-a sensitizes mice to LPS. Wild- 
type (C57BL/6) mice were given either 2 X 10 6 units of rHuIFN-a or PBS 
i.p. 1 day before LPS challenge (50 /xg/mouse). Serum levels of TNF-a 
were determined 1.5 h after challenge with LPS; the shapes represent in- 
dividual mice. Mortality was registered for 48 h after LPS challenge. The 
difference between IFN-a-pretreated and sham-treated mice was statisti- 
cally significant with regard to both parameters (p < 0.02; Mann-Whitney 
rank sum test for cytokine levels and Fisher's exact test for mortality). 



both poly(LC) and VSV was completely abolished in IFN-aj3R _/ ~ 
mice and the production of TNF-a in pretreated/infected IFN- 
ajSR-v - m j ce ^ not excee( j me production induced in mutant 
mice challenged with LPS alone. This result clearly demonstrates 
that early virus-induced priming for an augmented production of 
TNF-a in response to LPS requires IFN-a/3. To our knowledge 
this in vivo priming capacity of IFN-a/3 for production of TNF-a 
has not been described before. 

Pretreatment with rIFN-a sensitizes mice to LPS induced shock 

Finally, to test whether IFN-a/3 sufficed for an augmented re- 
sponse to LPS, wild-type (C57BL/6) mice were pretreated with 
rHuIFN-a to which murine cells are responsive (31, 32, 39); a 
matched control group received PBS only. Twenty- four hours later 
all mice were challenged with LPS and 1.5 h later TNF-a levels in 
serum were analyzed, and mortality over the next 48 h was reg- 
istered. As evident from Fig. 4, pretreatment with rIFN-a signif- 
icantly increased both LPS-induced TNF-a production and 
mortality. 

Discussion 

In this report we have demonstrated and analyzed virus-induced 
sensitization to LPS resulting from triggering of innate defense 
mechanisms. We find that viral infection as well as a well known 
IFN inducer substantially increases the sensitivity of mice to the 
toxic effects of LPS. A central mediator in this sensitization is 
IFN-a/3 as evidenced by the following observations. First, as al- 
ready mentioned pretreatment of mice with the IFN-inducer 
poly(LC) mimics the effect of viral infection. Second, priming is 
completely abolished in IFN-a/3R _/ ~ mice. Finally, pretreatment 
with rHuIFN-a known to work on murine cells also increases the 
sensitivity to LPS. Notably, IFN-y was not essential for early vi- 
rus-induced sensitization to LPS, demonstrating that the mecha- 
nism underlying this phenomenon differs from the mechanism un- 
derlying late virus-induced sensitization to LPS, which we have 
shown to be dependent on production of IFN-y by virus-activated 
T cells (19). A common feature of either scenario is the priming of 
virus-infected mice for an augmented production of TNF-a in re- 
sponse to LPS and an increased susceptibility to endotoxic shock. 



The increased susceptibility to LPS in virus-infected and poly- 
(LC)-treated mice as revealed in lethality experiments always cor- 
related with an augmented production of TNF-a. Given the central 
role of TNF-a in LPS-induced shock, and the fact that injection of 
this cytokine causes an essentially identical syndrome (40, 41), it 
is reasonable to assume that the augmented production of TNF-a 
plays an important pathogenic role. However, this does not ex- 
clude the critical participation of other cytokines in virus-induced 
sensitization to LPS either during the priming phase or as 
comediators. 

Production of IFN-y by NK cells has been shown to play an 
essential role in the lethal LPS-induced Shwartzman reaction in 
mice (18), and recently production of IFN-y by NK cells has also 
been shown to be implicated in virus-induced sensitization to LPS 
(20). In the present set-up, depletion of NK cells did not eliminate 
the priming effect on LPS-induced production of TNF-a, indicat- 
ing that production of IFN-y by NK cells is not essential for early 
virus-induced priming of mice for an augmented production of 
TNF-a. 

IFN-a/3 has also been shown to activate CD44 high T cells that 
are known to have a high capacity for production of IFN-y (35, 
36). Our experiments with nu/nu mice revealed that early virus- 
induced priming for an enhanced production of TNF-a may occur 
despite the lack of functional T cells. The results obtained with NK 
cell-depleted and nu/nu mice were both supported by the finding 
that IFN-y" 7- mice produced enhanced amounts of TNF-a when 
infected with VSV or treated with poly(I:C). However, we did find 
some reduction in the amounts of TNF-a produced in primed IFN- 
y -/ ~ mice compared with similarly treated wild types. This could 
suggest that IFN-y augmented IFN-a/3-dependent priming. Alter- 
natively, deficient expression of relevant receptors for LPS may 
limit the general sensitivity in these mice thus reducing the basic 
set point for TNF-a production (9). 

B cells may proliferate in vivo in response to LPS and may 
produce IFN-y in vivo when stimulated with IL-18 and IL-12 (37). 
Our experiments revealed that B cells are not required in early 
virus-induced sensitization to LPS because poly(I:C)-treated 
/uMT//xMT mice were primed for an augmented LPS-induced pro- 
duction of TNF-a. 

In the generalized Shwartzman reaction it is well established 
that the local injection of LPS leads to production of IFN-y by NK 
cells. IFN-y then primes macrophages for activation, and upon 
subsequent exposure to LPS the primed macrophages become hy- 
peractivated and produce enhanced amounts of TNF-a (18). In 
early virus-induced sensitization to LPS, IFN-a/3 could partly 
work by inducing NK cells to produce IFN-y. However, because 
absence of NK cells and IFN-y did not prevent the priming effect 
of viral infection, other mechanism must also be important. There- 
fore, it is likely that macrophages are also primed by IFN-a/3 in an 
autocrine manner. This assumption is supported by in vitro studies. 
Thus, Influenza A infected human macrophages have been shown 
to produce dramatically elevated levels of TNF-a when cocultured 
with LPS, and because infected macrophages produced IFN-a/3, 
the authors concluded that priming of infected macrophages by 
this cytokine preconditioned these cells to respond to LPS (42). 
Moreover, macrophage-synthesized IFN-aj3 can augment NO pro- 
duction in an autocrine fashion in cultures stimulated with sub- 
activating doses of LPS (26, 42). In line with these observations a 
recent in vivo study has revealed that IFN-a/3 regulates early NO 
production in Leishmania wq/or-infected mice and that this effect 
is important for parasite containment (38). 

The mechanism of IFN-a/3-mediated priming in vivo is likely to 
involve the Kupffer cells of the liver, which comprises the largest 
fixed macrophage population in the mammalian body. Kupffer 
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cells have been shown in vitro to produce TNF-a in response to 
endotoxin and are also able to produce IFN-a/3 (43). However, by 
use of the RNase protection assay we have not been able to con- 
vincingly demonstrate increased levels of mRNA coding for any of 
the major proinflammatory cytokines including TNF-a in the liver 
and spleen of mice treated with poIy(I:C) 1 day earlier (data not 
shown). Therefore, rather than acting as a promotor of transcrip- 
tion of proinflammatory cytokines, IFN-a/3-mediated priming may 
act as to increase LPS responsiveness of macrophages by inducing 
receptors for TNF-a and LPS (CD14) on the surface of these cells. 
This assumption is supported by the finding that elevated serum 
levels of soluble TNF-aR type II can be detected in wild-type 
mice, but not in IFN-a/3R _/ " mice, during the innate host re- 
sponse toward different viral infections (44). 

The proinflammatory action of IFN-aj8 described in this report 
seemingly contradicts previous studies in which IFN-ajS has been 
reported to down-regulate inflammatory responses to LPS. Sys- 
temic administration of rIFN-a 20 min after i.p. challenge of mice 
with a lethal dose of LPS reduced the LPS-induced mortality by 
almost 90% and interestingly, some protection was observed even 
if rIFN-a was administered 1 h before LPS challenge (43). IFN-a/3 
has also been reported to down-regulate local inflammation, thus 
the development of the local LPS-induced footpad swelling reac- 
tion was suppressed in mice treated systemically with a natural 
mixture of IFN-a/3 or rIFN-a after local LPS challenge (45). The 
anti-inflammatory effect of systemic IFN-a/3 on LPS-induced im- 
mune responses is suggested to be mediated directly through 
down-regulation of TNF-a or more indirectly through regulation 
of one or several molecules that mediate the inhibitory effect. 
However, our results clearly demonstrate a proinflammatory effect 
of IFN-a0. This apparent discrepancy might relate to the timing of 
IFN-a/3 relative to LPS administration. In the above cited study, 
IFN-ajS was given either immediately after or just before LPS 
challenge, which may not have allowed sufficient time for IFN-a/3 
to exert a priming activity. Also the environment in which the 
animals are maintained may critically influence the responsiveness 
to IFN-a/3. 

Based on their immune modulatory effects IFNs are currently 
being used as treatment against a wide variety of diseases (46, 47). 
Thus IFN-a is used to treat patients with certain cancers and 
chronic viral diseases, whereas IFN-/3 is used to treat patients suf- 
fering from the autoimmune disease multiple sclerosis. In general, 
these treatments have beneficial effects but pathology induced by 
IFN treatment has also been reported (46, 47). In view of our 
results, it is possible that IFN treatment could influence suscepti- 
bility to LPS-induced pathology in patients undergoing IFN treat- 
ment, but this obviously needs to be explored. 

In conclusion, our results demonstrate that like LPS and bacte- 
rial DNA, virus infections may cause rapid sensitization of mice to 
LPS-induced shock. Consequently, early virus-induced sensitiza- 
tion to LPS may be regarded as a virus-induced analogue of the 
generalized Shwartzman reaction. However, while LPS sensitizes 
mice through NK cell production of IFN-y, viruses act primarily 
through induction of IFN-ajS. To our knowledge in vivo priming 
by IFN-a/3 for production of TNF-a has not been reported before. 
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